We develop the relativistic extension of the study of the (constituent-)quark momentum distribution in nuclear matter by Arifuzzaman, Hasan and Hoodbhoy. This is performed by employing the relativistic SU(6) model for nucleons and the relativistic Hartree(-Fock) model for nuclear matter. However, the Gaussian function is introduced by hand to describe the quark momentum distribution in a nucleon. Our main interest is in the effect of the relativistic effective mass of nucleons, which is reduced to be smaller than the free value by the mean scalar-meson field, on the quark exchange contribution. We calculate the scalar and vector quark momentum distributions in the interacting relativistic nuclear matter with M*=0.515 M. The differences between the results of the nonrelativistic and relativistic calculations of the total distributions are small. However, as for the quark exchange contributions the differences between them are significant. In other words, the relativistic effect enhances the quark exchange contribution. We therefore· calculate the ratio which is called the EMC ratio. The effect of the relativistic mean-field lowers the value of the nonrelativistic calculation considerably. It is found that the relativistic result agrees with the nonrelativistic one with effectively swollen nucleons. § 1. Introduction During the last ten years, there have been large developments of the relativistic models, like the o-w model, for nuclear matter and finite nuclei. 1 > This model treats a nucleon as an elementary Dirac particle and does not take into account the quark degrees of freedom in the nucleon. Therefore, this relativistic model is also called the Dirac phenomenology. However, the (constituent-or current-)quark degrees of freedom in nuclei have become one of the principal interests for the recent theoretical and experimental studies. For example, some years ago, Arifuzzaman, Hasan and Hoodbhoy (AHH) calculated the (constituent-)quark momentum distribution in nonrelativistic nuclear matter.
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>
This model treats a nucleon as an elementary Dirac particle and does not take into account the quark degrees of freedom in the nucleon. Therefore, this relativistic model is also called the Dirac phenomenology. However, the (constituent-or current-)quark degrees of freedom in nuclei have become one of the principal interests for the recent theoretical and experimental studies. For example, some years ago, Arifuzzaman, Hasan and Hoodbhoy (AHH) calculated the (constituent-)quark momentum distribution in nonrelativistic nuclear matter.
2 > They investigated the quark exchange contribution to the distribution and discussed the European Muon Collaboration (EMC) effect. Recently, Catara and Sambataro also investigated the quark distributions in several finite nuclei.
3 > Furthermore, in the more fundamental QCD-sum-rule approach to tlie Dirac phenomenology, the scalar and vector (current-)quark condensates (or densities) in nuclear matter become basic ingredients. 4 > In the present paper, we try to extend the study by AHH to relativistic nuclear matter. This work is expected to give an insight into the role of quark degrees of freedom in the relativistic model and new evidence for the significance of the relativistic effect in nuclear physics.
For this purpose, we have to describe the relativistic nuclear matter in a quark picture of nucleons. Unfortunately this is a quite difficult problem. We ought to assume that relativistic nuclear medium is essentially described by the o-w model and to connect it with a quark model of baryons. There have already been a few attempts to carry out such a programme based on the bag model. 5 H> Those works modify the original o-w model by virtue of density dependent coupling constants. However, they are not appropriate to study the quark exchange effects. So as to do it, the phenomenological constituent-quark picture is usually more convenient. In the present work, we employ the relativistic 5U(6) model which reflects a quark picture of baryons through the quantum numbers of three constituent quarks. 8 
>.
9 > Although this model cannot give baryon form factors, it is a natural extension of the original 6-(J) model. 10 >
The quark distribution in a nucleon is introduced by hand, according to Ref. 2) . If we take into account nucleon form factors naturally, the relativistic constituent quark model should be used.m- 13 
>
The study utilizing that model is postponed for a future work.
In this work, we calculate the scalar and vector momentum distributions of the (consdtuent-)quarks in relativistic nuclear matter described by the 6-(J) model. The most important feature of the 6-(J) model is that the mass of nucleons in nuclear medium is reduced from the free value by the mean 6 field. Our main interest is in the effect of this reduced nucleon mass on the quark exchange contribution. According to Hoodbhoy and Jaffe 14 > and AHH, the quark exchange contribution to the EMC ratio is significant. Therefore, we further investigate the effect of the reduced mass on the EMC ratio. Our result is compared with the recent studies of the EMC effect utilizing the bag and soliton model of nucleons in the relativistic mean-field, 15 
>'
16 >
In the next section, we present the outline of our formulation, as well as some reviews of the work by AHH and the relativistic SU(6) model. In § § 3 and 4, the details of our calculations are presented. In § 5 the numerical results of the quark momentum distributions in relativistic nuclear matter are shown. Furthermore, the quantity corresponding to the EMC ratio is calculated. Then, the effects of quark exchanges and relativistic mean-field are discussed. Finally, we summarize this work in § 6. § 2. Outline of formulation Our method to evaluate the (constituent-)quark momentum distribution in relativistic nuclear matter is based on the relativistic extension of the analogous work by AHH. In this section, we reproduce several important results by them and give an outline of our formulation. The expectation value of a one-body quark operator in a nuclear state lA> <AiqJquiA> <AlA> (1) can be evaluated by the diagrammatic technique according to AHH. Here, fl.(JJ) denotes a set of the momentum, color, fi'avor and Lorentz indices of the constituent quarks of a nucleon. Taking into account quark exchanges between two nucleons only and employing the low-density expansion, Qpu is given by
where N is the number of the nucleons in the nucleus. For nuclear rna tter, N---> oo. The first term of Eq. (2) corresponds to the picture regarding a nucleon as an elementary particle. The second and other terms are nothing but the corrections to the first term by quark exchanges. We will calculate only the first-order correction. Although this approximation is essentially valid at low nuclear-densities, we assume that it is applicable to nuclear matter with the normal density. The first and second terms of Eq. (2) are
Q£1J=9N( <l}lv><L>-(1/6)< W}lv>) (4) with Wpv=45lipv+2Jlpv,
L=(1/6) w}l}l.
The symbol < > in Eqs. (3) and (4) denotes the expectation value of the enclosed operator in the nucleon Hilbert space expressed by an appropriate one-or twonucleon density matrix. The 3-and 6-quark matrix elements /pv, 5lipv, and Jl Pv are represented by the diagrams of Fig. 1 and are presented by the nucleon wave functions e~v~ as follows:
e-n en' e-m em'
Jnpv nm; n m = }l~J. V~/C ~I;K ~!;).,
JL pv nm; n m = p~;. ~J.K ~•K ~•v . Here, n=(K, s, t) with K, sand t being the momentum, spin and isospin projections of a nucleon, respectively. C is the Dirac adjoint of C.
Next, we have to designate the nucleon wave function e~v~. In this work, it is expressed by the relativistic SU (6) wave function 1Jf and a Gaussian function ¢:
where JL1 = (k1, c1, a1, a1) with k1, c1, a1 and a1 being the momentum, color, SU(3)-spin (or flavor) and Dirac index of the constituent quark 1, respectively. The relativistic SU(6) model cannot give baryon form factors. Thus, we have to introduce the same Gaussian function as was used in Ref. 2) , which provides the momentum distribution of the constituent quarks in a nucleon. 1Jf has three Dirac and SU(3)-spin indices (or flavors) of the constituent quarks, and are fully symmetric in both these indices. The relativistic SU(6) model reflects the quark picture of baryons only through these quantum numbers. Generally, the relativistic SU(6) wave function is able to describe both of spin-1/2 and -3/2 particles. The wave function for spin-1/2 octet members is presented by 8 ) , 9 ) lfJ(~a)(Pb)(rclK)
iB ~ is the 3 X 3 matrix representing the octet:
Each wave function of these octet members is expressed by the third-rank BargmannWigner wave function BraPJr: (14) where Cis the charge conjugation operator, KP.=-(EK, K) denotes the four-momentum of the baryon and M is its mass. The Dirac spinor u is
a·K/(EK+M) Xs (15) with EK=./IKI 2 + M 2 and Xs being the Pauli two component spinor. The normalization of the Dirac spinor is in accordance with the 6-(1) modelY Although Eq. (11) represents all the octet members simultaneously, we have only to consider nucleons !n the present work. Thus, the isospin projection t is added to 1Jf in Eq. (10) so as to indicate that we project 1Jf on SU(2) subspace from SU(3) space.
The scalar and vector quark momentum distributions, Ps and Pv are given by (17) where f. (3) and (4).) Utilizing Eq. (10), @;is expressed by the product of the color factor, the integration of a product of the Gaussian functions over the internal quark momenta and the matrix element taken between the relativistic SU(6) wave functions. The calculations of the first two parts are the same as those of Ref. 2) . The third part is the new ingredient of the present work. We write down only this part explicitly, (19) . (20) (21) In the next section we will calculate these matrix elements. § 3.
Calculations of relativistic SU(6) matrix elements
In this section, we present a few formulae of the relativistic SU (6) 
where the traces are taken over the 3 X 3 matrices. Performing the trace calculations and projecting II(l> onto SU (2) subspace, we obtain
at az /lz a1 ':t"(at'at')(az'az)(asaa)
The matrix element of Eq. (19) corresponds to this equation with rA=F 8 =1 for ls and rA=y 0 and F 8 =f for fv. Next, the following 6-quark matrix element, which contributes to 5!1~'" in Fig. 1 , is considered (28) Utilizing Fierz and flavor exchange operators (29)
the matrix element (28) is written by a product of two 3-quark matrix elements taking the form of Il(l). Namely, 
where ,Qr ( tr t2; t{ t2) = 52ot,(I/2)0t,
In deriving Eq. (31) the symmetry property of lJf has been used. The matrix element of Eq. (20) is calculated by using Eq. (32) with rA=J for 51fs and rA='l for 511v.
Another 6-quark matrix element, which contributes to 'J1 p.v in Fig. 1 , can be evaluated similarly,
The matrix element of Eq. (21) where kF is the Fermi momentum and pl.P(n1; nl) is the one-nucleon density matrix for nuclear matter,
After the integrations and summations over the quantum numbers of nucleons, <ls(P)> becomes
where p'fv and p'/v are the scalar and vector densities of nucleons in relativistic nuclear matter, respectively.
l
Correspondingly, the expectation value of lv is
This is nothing but Eq. (4.4) in Ref.
2). Of course, the difference between (42) and (43) is due to the difference between the scalar and vector densities. At the nonrelativistic limit, p'fv=p'Jv and thus <ls>=<lv>. In deriving Eq. (42), the nucleon momentum K1 in the exponential of Eq. (38) has been neglected because our model is based on the low-density expansion (2). Similar approximation was used in Refs. 2) and 14) and will be utilized in the following calculations of the expectation values of .5!1s<vJ and 'Jls<vJ. According to the estimates given in Table I of Ref. 14), even for b=0.8 fm the approximation is not so bad that our results in § 5 are significantly influenced. Next, the expectation value of .5!1s is considered,
· K. Miyazaki where p~>(n1n2; nl.n2) is the two-nucleon density matrix.
The relativistic SU(6) matrix element in 5!1.8 is calculated by using Eq. (32) with rA =1. Thus, we obtain The first four terms in the square bracket come from the direct part of the two-body density matrix and the next four terms from the exchange part. 'Jl s has the same form as 5!1s only except for the dependence on the quark momentum p. Therefore, the calculation of its expectation value is essentially the same as that of <5!1s(P)>. The result is (50) where (51) Here, from Eqs. (49) and (51), we can see that the dimensionless parameter, which determines the strength of the quark exchange corrections in the low-density expansion (2), is given by 9(3/7r) 112 (bkF)3/54. The factor 9 comes from the r.h.s. of Eq. (4). For the normal-density nuclear matter with kF=l.3 fm-1 and b=0.8 fm, this parameter becomes 0.18. 
Utilizing the matrix elements shown by Eqs. (A·3)-and (A·4) and replacing M by M*,
we obtain
Performing the integration over K1 and K2,
At the nonrelativistic limit, <.511s>=<.511v>~<.511NR>. 
At the nonrelativistic limit, <'Jls>=<'Jlv>~<'JlNR>. Finally, the expectation value of L defined by Eq. (6) effects on the distributions are to increase the magnitude and to shift slightly the peak position to the left. The quark exchange contribution to the scalar distribution is larger than that to the vector one. This reduces the difference between the total scalar and vector distributions as displayed in Fig. 2 . Figure 5 shows only the exchange contributions to the quark momentum distributions in the nonrelativistic (long-dashed curve), free (or non-interacting) relativistic (denoted as R(M=939 MeV)) and interacting relativistic (denoted as R(M* =0.515 M)) nuclear matter. The short-dashed and solid curves indicate the scalar and vector components, respectively. The scalar component is larger than the vector one. The differences between the free relativistic and nonrelativistic results are due to the relativistic kinematics. The differences between the results for the free and interacting relativistic nuclear matter are due to the relativistic mean-field or mean CJ field. The relativistic kinematics enhances the quark exchange contribution slightly, while the relativistic mean-field enhances it considerably. However, these effects are not apparent in the total distributions in Fig. 2 since the exchange contributions are much smaller than the direct ones. In order to make clearer the relativistic effect on the quark exchange contribution, we further calculate the following ratio R:
where p~1r(p)and p~xc(p) are the first and second terms on the r.h.s. of Eq. (17). The lower limit of the integration is
where .so=215 MeV and m=150 MeV.
14 l AHH 2 l and Hoodbhoy and Jaffe 14 l compared this ratio with the EMC ratio and suggested that a part of the middle-x range depletion of the ratio can be explained by quark exchanges. (The reason for identifying R as the EMC ratio is well explained in Ref. 14).) Our results are shown in Fig. 6 , in which the dashed curves indicate the calculations for nonrelativistic nuclear matter with various nucleon rms radii b, and the solid curves indicate the calculations for the free and interacting relativistic nuclear matter with b=0.80 fm employing the vector momentum distribution. We can see that the relativistic kinematics lowers the nonrelativistic result (with b=0.8 fm) slightly, while the relativistic mean-field effect lowers it considerably. In the present calculation, the reduction of the ratio from unity is entirely due to quark exchanges. Therefore, the results in Fig. 6 are the natural consequence of the results in Fig. 5 . The models of ours and Refs. 2) and 14) regard a nucleon as a composite object of three phenomenological constituent-quarks. The relation between the Bjorken variable x and Pm1n (or the values of eo and m) in Eq. (58) is determined by fitting the denominator of Eq. (57) to the valence-quark contribution to the nucleon structure function for the intermediate X region. 14 ) Although, from a viewpoint of QCD, the validity of our method to calculate the EMC ratio is not well established, we simply expect that the present model is meaningful for our purpose-the effects of the quark exchanges and the relativistic mean-field.
As compared with the experimental data, the relativistic calculation using M* =0.515 M reproduces the large depletion in the region between x=0.6 and 0.7, but gives too large depletion at smaller x. On the other hand, the relativistic calculation using M*=M and the nonrelativistic calculation (b=0.8 fm) reproduce the experimental ratios around x=0.5 and 0.4, respectively. (As mentioned above, the rise of the ratio for x >0.7 is essentially beyond the scope of validity of the present calculations. It is also noted that the calculations are for nuclear matter but the data is for the finite nucleus Au.) Unfortunately, none of our calculations can yield the experimental dependence of the ratio over a wide region of x. This indicates that the EMC effect cannot be explained only by quark exchanges. However, our purpose is not to reproduce the experimental data but to investigate the relativistic effect on the quark exchanges. In this sense, not only does our relativistic result support the suggestion of Refs. 2) and 14) that a part of the EMC effect could be owing to the quark , exchanges, but displays that it is important to take into account the effect of the relativistic mean-field especially at larger x-region. Recently, the relation between the relativistic mean-field and the EMC effect has also been investigated in a few works. 15 
>'
16 >'
19 > The study, which includes the relativistic mean-field as the correction to nuclear binding energy, gives a little depletion. 19 
>
On the other hand, the studies, which use the MIT bag 15 > and soliton 16 > embedded in the relativistic mean-field, produce some depletion in the middle-x region. For example, the model of Ref. 16 ) reproduces the depletion for x < 0.5 but not the large depletion between x=0.6 and 0.7, in contrast to our relativistic result using M*=0.515M. In other words, the results of the present work and Ref. 16 ) are complementary. The approaches of them are, however, different from each other. We have taken a phenomenological constituent-quark picture, while Refs. 15) and 16) employed the more fundamental QCD-inspired models. The depletion in our model is caused by the nuclear correlations due to the quark exchanges and relativistic mean-field, while the depletion in Ref. 16 ) results from the modification of nucleon structure due to the mean-field. In spite of the differences, all of these works commonly indicate that the effect of the relativistic mean-field is significant.
The nonrelativistic calculations with b=0.84 fm and 0.94 fm in Fig. 6 were carried out to reproduce the results of the relativistic calculation. This suggests that the relativistic model is equivalent to the nonrelativistic model with effectively swollen nucleons. Especially, the relativistic mean-field effect is equivalent to the modification of nucleon size by 12% in nuclear medium. There have already been similar suggestions that a nucleon is effectively swollen in (interacting) relativistic nuclear matter. 20 
>'
21 > Our result supports these suggestions from the different points of view.
Finally, we mention a few problems in our model, which also provide the subjects for future studies. First, our calculations presented in this section do not include short-range correlations between nucleons. It is contained in the nonrelativistic calculations of Ref.
2) and weakens the quark exchange effects. In the relativistic calculation, a method to introduce the correlations is not known since the 6-m model is already able to reproduce the properties of nuclear matter. Physically, a shortrange correlation also results from quark exchanges between two nucleons.
22 > Therefore, in order to take into account the correlations, we have to construct the NN interaction and relativistic nuclear matterfrom quark degrees of freedom. However, we assumed that interacting relativistic nuclear matter is described by the relativistic Hartree-Fock theory for the Dirac nucleons. In this respect, although several works attempted to describe nuclear matter based on a quark picture of nucleons, they cannot give a general framework for the descriptions of nuclear structure and scattering, or give only alternative versions of the original 6-m model.
In this work, the relativistic SU(6) model of baryons was used to describe quark exchanges between two nucleons. The third-rank Bargmann-Wigner wave function is able to reduce the matrix element of one-body quark operator to the matrix element taken between the Dirac spinors for nucleons. Thus, it seems natural to apply the 6-m model to these Dirac nucleons. This procedure may be regarded as a crude mapping between space of three quark clusters and space of elementary nucleons.
>
However, the relativistic SU(6) model does not determine the quark momentum distribution in a nucleon. We introduced the same Gaussian distribution as was used in the nonrelativistic model, by hand. This means that our model does not treat the. relativistic dynamics of quarks precisely. In order to solve this problem, the relativistic constituent quark model for baryons should be used.ll)-
We have developed the relativistic extension of the study of the (constituent-) quark momentum distributions in nuclear matter by Arifuzzaman, Hasan and Hoodbhoy. This extension has been performed by employing the relativistic SU(6) model for nucleons and the relativistic Hartree(-Fock) model for nuclear matter. However, the Gaussian function is introduced by hand to describe the quark momentum distribution in a nucleon. The relativistic SU(6) wave function has three Dirac and SU(3)-spin indices. Thus it is appropriate to study the quark exchange effect in relativistic nuclear matter.
We considered only the quark exchange between two nucleons. Namely, we used only the first two terms in the low-density expansion of the expression for the quark momentum distributions in nuclear matter. The first term <l(p)> corresponds to the picture regarding a nucleon as an elementary particle, while the second term is nothing but the correction by quark exchanges. The quark exchange contribution also consists of two parts, CM(p)> and <'Jl(p)>, for which pis the momentum of a quark within one party of the nucleon pair and of the exchanged quark, respectively. The expressions for these quantities are composed of three parts-the color factor, the integration of a product of the Gaussian functions over the internal quark momenta and the matrix element taken between the relativistic SU(6) wave functions. The third part is the new ingredient of the present work.
The matrix element taken between the relativistic SU(6) wave functions is finally reduced to the matrix element taken between the Dirac spinors. We regard this Dirac spinor as the wave function ofbound nucleons in relativistic nuclear matter. In order to introduce the mean 6 field, the nucleon mass M is replaced by the relativistic effective mass M*=0.515M. Our r~lativistic results of <l>, <...' M> and <JZ> are different from the corresponding nonrelativistic results by some factors, which consist of the ratios of the Fermi energy to the effective mass and of the scalar to vector baryon densities.
We calculated the scalar and vector momentum distributions of the (constituent-) quarks in interacting relativistic nuclear matter. The differences between the nonrelativistic and relativistic calculations of the total distributions are small. However, in the quark exchange contributions the differences between them are significant. In other words, the relativistic effect enhances the quark exchange contribution. In order to show the importance of this effect more dearly, we further calculated the ratio, which was identified as the EMC ratio by Hoodbhoy and Jaffe. The relativistic mean-field lowers the nonrelativistic result considerably. It is found that the relativistic result corresponds to the nonrelativistic one using swollen nucleons.
Our findings are consistent with the results o.f the other works in some aspects. Although our model has a few problems, the results of the present study strongly suggest the significance of both the quark exchange and the relativistic effects. 
